Bioerosion of calcium carbonate is the natural counterpart of biogenic calcification. Both are affected by ocean acidification (OA). We summarize definitions and concepts in bioerosion research and knowledge in the context of OA, providing case examples and meta-analyses. Chemically mediated bioerosion relies on energy demanding, biologically controlled undersaturation or acid regulation and increases with simulated OA, as does passive dissolution. Through substrate weakening both processes can indirectly enhance mechanical bioerosion, which is not directly affected by OA. The low attention and expert knowledge on bioerosion produced some ambiguous views and approaches, and limitations to experimental studies restricted opportunities to generalize. Comparability of various bioerosion and calcification rates remains difficult. Physiological responses of bioeroders or interactions of environmental factors are insufficiently studied. We stress the importance to foster and advance high quality bioerosion research as global trends suggest the following: (i) growing environmental change (eutrophication, coral mortality, OA) is expected to elevate bioerosion in the near future; (ii) changes harmful to calcifiers may not be as severe for bioeroders (e.g. warming); and (iii) factors facilitating bioerosion often reduce calcification rates (e.g. OA). The combined result means that the natural process bioerosion has itself become a "stress factor" for reef health and resilience.
Introduction
Since the industrial revolution many ecosystems have suffered from considerable environmental changes, the rapid growth of the human population and the associated anthropogenic effects (e.g. Parmesan and Yohe, 2003; Goudie, 2013) . Marine systems have experienced significant damage across large scales, most commonly with severe effects in shallow-water, coastal regions (e.g. Harley et al., 2006) . Here, impacts initially often involve local disturbance such as reduced water quality, unsustainable fishing practices and invasive construction (e.g. Edinger et al., 2000; Hoegh-Guldberg et al., 2007; Hughes et al., 2007; Doney et al., 2012) . Additional disturbance through global change parameters such as ocean warming create growing alarm, as the environment appears to be deteriorating faster than new policies can establish remedies or biota can adapt to changes (e.g. Mora and Sale, 2011) . In concert with global warming, ocean acidification (OA) causes the most sustained and recent concern, and is expected to lead to significantly changed carbonate budgets. This development incited predictions of severe negative effects for various marine biota and habitats (e.g. Fabricius et al., 2011; Kroeker et al., 2010; Kroeker et al., 2013) . Perhaps best studied are anticipated effects on calcium carbonate producers or calcifiers such as coccolithophores, pteropods and coral reef organisms, which can display reduced growth and malfunctioning skeletogenesis (e.g. Orr et al., 2005; Guinotte and Fabry, 2008; Doney et al., 2009; Hofmann et al., 2010; Kroeker et al., 2013) . In comparison, bioeroders, the antagonistic guild that breaks down calcium carbonate (CaCO 3 ), are far less well studied (Fang and Schönberg, 2015; Schönberg, 2015a) . This is a serious omission, as benthic marine calcification is mostly offset by bioerosion (Figure 1 ).
Under undisturbed, natural conditions, bioerosion is an important mechanism of CaCO 3 recycling. This is especially the case in shallow, warm-water habitats such as coral and mollusc reefs. Here, bioerosion equals or remains lower than local calcification (e.g. Scoffin et al., 1980; Perry et al., 2008; Enochs et al., 2015 ; Figure 1 ), but some studies indicated that it could strongly increase under more acidic conditions (e.g. Tribollet et al., 2009; Wisshak et al., 2013) . Despite the important role of bioerosion in the context of OA, some related investigations still share a number of shortcomings. Most controlled studies were either restricted to very few species and factors, and field studies commonly lumped responses of very different bioeroders. Nevertheless, interpretation of resulting data was at times too detailed and inappropriately applied. We presently summarize and synthesize available publications and will address the following questions:
(i) Is it likely that bioerosion will be enhanced by OA, and would this occur in proportional, linear or non-linear relationships? Do we have information with respect to physiological thresholds?
(ii) Is OA expected to affect different bioeroder taxa in similar ways?
(iii) If chemically conducted bioerosion reacts to OA, does mechanical bioerosion follow, and can we infer changed rates of one to understand changes in the other?
(iv) Are we aware of bioeroder species or environmental factors that interact, to either aggravate or mitigate the effects of OA on bioerosion? Figure 1 . Approximate relative contributions of formative processes in carbonate cycling (carbonate production, degradation and deposition), and known or inferred, direct or indirect responses to ocean acidification (arrows) in three major carbonate environments. We refer to the two types of biogenically controlled carbonate factories sensu Schlager (2000 Schlager ( , 2003 -T for tropical and C for cool-water factory -and the two types of predominant energy capture in communities of carbonate producers -phototrophic or organotrophic feeding. Sizes of circles are proportional and refer to approximate rates and degrees of responses: Biogenic processes are marked in white, abiogenic processes in black, mixed biogenic-abiogenic processes in grey.
(v) Are presently available experimental studies on few microand macroborers representative for expected trends of total bioerosion?
(vi) Have laboratory experiments been adequately conducted and validated in the field?
(vii) How do carbonate biogeochemical models integrate the present knowledge on bioerosion and what trends do they predict?
According to the above questions the present paper will provide a review of published knowledge collated from literature collections of the authors and through keyword searches in the Internet. We searched Google Scholar (2016) , the Web of Science (Thomson Reuters, 2016) , and the OA bibliography on Mendeley (2016) , and checked citations in retrieved publications. Many different terms and concepts have been established in bioerosion research (Figure 2 ), and we used the definitions and terminologies as given in Table 1 and Supplementary data S1, trying to avoid widely used but ambiguous terms such as "endolith" (¼ an organism living in hard substrate, but not necessarily eroding). In analogy, "euendolith" presently refers to all true borers, micro-as well as macroborers. We provide two case examples. The first case demonstrates that bioeroder interactions in carbonate coastal ecosystems are still not adequately understood. The second case uses bioeroding sponges as an example of resilient, internal macrobioeroders that appear to have become widely more abundant (all taxonomic information displayed in Supplementary data S2).
The resulting overview will reveal gaps in knowledge and existing weaknesses in research, creating the means to better design and integrate future approaches. To date only a limited number of studies have been published that directly dealt with effects of reduced pH or elevated partial pressure of aqueous carbon dioxide (pCO 2 ) on bioeroders. However, these papers and further background information about the biology of some bioeroders suggest clear trends that will be outlined and discussed. In consequence, a tentative outlook into the future will be provided.
Bioerosion in changing environmentsbackground with respect to OA research
Role and relative contribution of bioerosion to carbonate cycling OA strongly affects CaCO 3 budgets and carbonate cycling in marine environments (e.g. Feely et al., 2004; Doney et al., 2009; Veron et al., 2009; Andersson and Gledhill, 2013) . Carbonate cycling combines a number of processes: calcification, cementation, micritization, transport, and erosion, all of which will be modified by OA in different ways. Erosional processes occur along physical, chemical and biological pathways, latter acting directly at the interface of the organism and the affected substrate (e.g. Donn and Boardman, 1988 ; slightly different definitions exist, please refer to Figure 2 ). Physical erosion includes seismic events, storm damage, wave action, and sediment transport (e.g. Scoffin, 1993) . Abiogenic chemical erosion is the thermodynamically driven, passive dissolution of carbonates through acidity or undersaturation (X < 1; e.g. Pytkowics, 1969; Trudgill, 1976a; Morse et al., 2007; Andersson and Gledhill, 2013 ; see also Table 1 , Supplementary data S1). Biological erosion-or bioerosion-proceeds through the action of living organisms that degrade hard materials as different as wood, bone, cement, siliceous rock, volcanic glass, metal and plastic-and foremost different CaCO 3 substrates (e.g. Muraoka, 1962; Neumann, 1966; Al-Shafei et al., 1984; Scott et al., 1988a; Brusco et al., 2005; Wisshak and Tapanila, 2008; Rawlings, 2011; Thorseth, 2011; . In some marine habitats, bioerosion of CaCO 3 is almost exactly the antagonistic counterpart of biological calcification and often the main pathway of erosion (Perry et al., 2008; Perry and Harborne, 2016 ; Figure 1 ). Severe physical erosion events such as storms can have catastrophic consequences in shallow waters (e.g. Scoffin, 1993; Harmelin-Vivien, 1994 ), but they act on temporally and locally restricted scales and will globally contribute less to erosion than bioerosion (e.g. Scoffin et al., 1980; Figure 1) . Bioerosion also plays a much larger role than passive chemical dissolution, which is usually negligible in comparison (e.g. Trudgill, 1976a; Hook and Golubic, 1993; Fang et al., 2013a; van Woesik et al., 2013; Reyes-Nivia et al., 2014 ; Figure 1 ). It should be noted that different modes of erosion are not isolated from each other (Naylor et al., 2012) . Bioerosion facilitates passive dissolution by opening new surfaces to the environment, and by creating irregularities, cavities and sediments, thus enlarging the surface area exposed to the surrounding water (e.g. Craig et al., 1969; Hutchings, 2008; Andersson et al., 2009) . Bioerosion also aggravates the effects of physical erosion by increasing material porosity that promotes fragmentation and abrasion by sand washed over the substrate (Trudgill, 1976a; Tunnicliffe, 1979 Tunnicliffe, , 1981 Highsmith et al., 1983; Scott and Risk, 1988; Tudhope and Scoffin, 1994; Schönberg, 2002a; Andersson and Gledhill, 2013) . It further enhances the risk of breakage through notch-formation and by predominantly acting basally at holdfast portions (e.g. Neumann, 1966; Trudgill, 1976a; Mitchell-Tapping, 1983; Clark and Morton, 1999; Scoffin and Bradshaw, 2000; Carobene, 2014; Trenhaile, 2015) .
Natural diversity of bioeroders and variability of bioerosion
The guild of bioeroders is as diverse as the materials they erode and includes cellular and filamentous microbes such as fungi, bacteria (predominantly cyanobacteria) and algae, sponges, Figure 2 . Schematic representation of the relationships of erosional processes as defined by different authors. Grey shades illustrate how abiotic erosional concepts match comparatively well among different publications, while bioerosion is viewed and subdivided in various different ways. Figure 5 ) or within the same category, e.g. net only with net (not with gross).
Obligate vs. facultative bioeroders
Some bioeroder species will always incur bioerosion by the way they live (obligate), while others can switch between behaviours or life styles that will sometimes involve bioerosion, sometimes not (facultative).
Chemical vs. mechanical bioerosion
The distinction between grazing, etching, and boring organisms cannot be retained due to functional overlaps. Chemical etching or leaching dissolves hard material (e.g. microborers) and is presently contrasted by mechanical fracturing, rasping, biting, and removal of particles (e.g. grazers). Many bioeroders combine both modes (e.g. macroborers; see also Table 2 ).
Micro-vs. macrobioerosion
In the present definition, an entire trace of microbioerosion remains <1 mm in diameter, macrobioerosion is larger. Biocorrosion or biomining vs. bioabrasion
Loosely applied, but specific terms. Biocorrosion or biomining are presently largely used for microbial bioerosion of anthropogenic structures such as metal frames, buildings etc. Bioabrasion is sometimes used for grazing by molluscs.
.
Internal vs. external bioerosion (endo-vs. epi-)
Distinction between bioeroders inside of hard material (boring organisms) and those that remove material from the substrate surface, often by grazing (external bioeroders). The terms endo-and epi-can be combined with terms referring to inhabited materials, e.g. an endolith inhabits stone-like material, an endoxyl wood (but endolith strictly only means that the organism is found in stone, not necessarily whether it bioerodes). Sensu stricto excavating specifically refers to certain grazers (see part on fish and turtle grazing). Eu-, para-, chasmo-, cryptoendolith, coelobite, nestler
True micro-and macroborers that actively remove substrate are euendoliths. Organisms that expand into pre-existing cracks are chasmoendoliths, those inhabiting pre-existing pores are coelobites. Using cryptoendolith is here discouraged, as the term simply means that the organism is hidden in lithic material. Paraendoliths settle on live calcifiers and become embedded by their growth without involving bioerosion (bioclaustration). All non-bioeroding endoliths are also commonly called nestlers.
Tropholith, domoliths, fixoliths
See also item below. Depending on bioeroded materials terms can alternatively end in -lith (stone), -xyl (wood), -conch (shell), -scler (skeleton) or -osteon (bone). Combining tropho-(feeding), domo-(living in) and fixo-(being attached to) with the terms will reflect that organisms have different "motives" to perform activities that cause bioerosion. Overlaps exist.
Lithophag vs. lithocole
As above, but terms turned around. Referring to bioeroders of stone, wood, shell, skeleton or bone substrates (litho-, xylo-, conchi-, sclero-, osteo-). Some marine bioeroders intentionally feed on or accidentally ingest the eroded materials, but not all derive nutrients from eroded materials. The terms lithophags, xylophags etc. should only be used if the bioeroders feed on the substrate. If the organisms inhabit a given substrate, terms ending in -cole should be used instead. Phototroph, chemotroph and organotroph bioeroders; autotroph vs. heterotroph bioeroders Mode of energy capture, usually of microborers, but also of macroborers, i.e. energy is either generated through photosynthesis (phototrophs), by utilizing inorganic substances (chemotrophs), or by feeding on organic matter (organotrophs). Production of biomass from purely abiotic sources is autotrophic, from existing organic substances is heterotrophic, e.g. via filter-feeding. Bioeroding sponges in alpha, beta and gamma form, and here newly proposed: delta form Distinction of the function of parrotfish mouthparts and feeding behaviours, also adapted for other fishes and turtles. Excavators bite off a large piece of substrate, producing deep scars or scrapes, removing a significant amount of underlying material (Figure 3 ). Scrapers produce shallow abrasions. Surgeonfishes can sweep, i.e. take up loose sediments. Corallivores or coral predators also remove live coral tissue ( Figure 3 ). Unlike grazing, browsing only removes plant material. Random fish feeding is spot biting. Focused biting is intense grazing that can leave denuded patches (Figure 3 ). In the original, geological definition the direct antonym or counterpart of bioerosion is biogenic or primary calcification, with secondary calcification referring to abiogenic precipitation or cementation, usually in a cavity or void. While the latter can proceed in vivo, i.e. in living organisms, by the geological definition secondary calcification should not refer to original skeleton.
Continued
Bioerosion is the destruction of hard materials by living organisms (Neumann, 1966) . Therefore, some previously used terms are not synonymous with "bioerosion" and should be avoided, e.g. "burrowing", which is more commonly employed for organisms that move through more pliable materials such as sediments (e.g. Carriker and Smith, 1969; . Outdated or too involved terms should also be disused (e.g. "calcibiocavitology": Carriker and Smith, 1969) . It is impractical to distinguish makers of multiple from makers of single boreholes if early life stages in one borehole develop into bioerosion networks later in life (Carriker and Smith, 1969) . Further specific terminology for descriptions of bioerosion can be found e.g. in Tapanila (2008) , Pirrone et al. (2014) or on Unionpedia (2016) . Specific terms and the most significant terms per row are highlighted in bold. This table is an abbreviated version of the table displayed in Supplementary data S1, which provides more detailed explanations, as well as examples and references in support of the definitions. Enochs et al. (2016b) Bivalves C, C þ M, M Chemical etching was assumed from etching traces on substrate and lack of shell wear. Pallial glands were located from which possible chelators or acidic metabolites were identified. Exclusively mechanical bioerosion may occur in some species by the rotation of ornamented shells (abraded fragments in the excavations), but many others employ a combined mechanical-chemical action (substrate weakening by etching þ abrasion).
Valentino (2014)
An accessory boring organ (ABO) was detected in shell-drilling gastropods, in which etching and radular rasping are applied. Acid, carbonic anhydrase, acid phosphatase, ATPase and a chelator were demonstrated to occur in ABOs and to relate to the bioerosion process. Some limpets were found to have pH values of 7.5-5.7 at their soles, and other gastropods can use acids in defense.
NA
Crustaceans
The morphology of Lithotrya and other cirriped borers supports combined chemical-mechanical bioerosion, and carbonic anhydrase is involved. In Pomatogebia stains revealed telson glands, and traces on the substrate bored by an alpheid shrimp were interpreted as related to etching.
Abbreviations: A T -total alkalinity, C -chemical bioerosion, C þ M -chemical-mechanical, combined bioerosion, M -mechanical bioerosion, NA -not available. Mode of bioerosion (C, C þ M, M) can vary with species. An overview over bioerosion modes in different organism groups was e.g. provided by Carriker and Smith (1968) . The present table is an abbreviated version of Supplementary data S3.
"worms" such as polychaetes and sipunculids, crustaceans, molluscs, urchins, fishes, and many other biota (e.g. Risk and MacGeachy, 1978; Glynn, 1997; Wisshak and Tapanila, 2008; . It is important to note that different organisms employ different pathways of bioerosion, and to different purposes (Tables 1 and 2 ; Supplementary data S1 and S3). Bioeroders are thus divided into chemical vs. mechanical, internal vs. external, micro-vs. macrobioeroders, those that erode through feeding processes, or creating shelter, dwellings or attachment, thrive in mutual symbiosis, or are parasites or predators (Table 1) . Overlaps or combined situations exist. It obviously depends on the biology of a given bioeroder taxon and its mode of bioerosion to determine how environmental factors may shape their distribution patterns and biological success, and thus their bioerosion rates (e.g. Hutchings, 1986; Glynn, 1997; Schönberg, 2008; Tribollet, 2008a; . Bioeroder communities and their bioerosion rates can be highly heterogeneous across space and time (e.g. Chazottes et al., 1995; Tribollet and Golubic, 2005; Lescinsky et al., 2008; F€ arber et al., 2015 . Early-stage bioerosion rates assessed with settlement blocks exposed 3-24 months strongly decreased towards deeper waters (Wisshak, 2006; Wisshak et al., 2010; Weinstein et al., 2014) . However, as calcification and growth rates of calcifiers also commonly decrease with water depth, the proportional effect of bioerosion can still strongly increase (e.g. Goreau and Hartman, 1963; Highsmith et al., 1983; Cerrano et al., 2001; Alexandrakis, 2012) . Early-stage community-level bioerosion rates are much higher on up-facing substrates than on shaded down-facing surfaces, and shows a distinct latitudinal gradient, with the highest rates observed in tropical coral reefs and the lowest in cold-temperate to polar settings (e.g. Tribollet and Golubic, 2005; Wisshak, 2006; Wisshak et al., 2010 Wisshak et al., , 2011 Alexandrakis, 2012) . In contrast, the diversity of bioeroders as assessed in form of bioerosion traces appears to peak on down-facing surfaces and in temperate carbonate environments such as the Azores (Wisshak et al., 2011; Alexandrakis, 2012) . The latter pattern was interpreted as a result of high-latitude environments being subjected to limited light availability and substantial seasonal temperature fluctuation with periods of low temperatures that can result in phases of biological inactivity (Wisshak et al., 2011) . In contrast, in the tropical realm, oligotrophy and intense grazing pressure can limit the establishment of certain bioeroders (e.g. Peyrot-Clausade et al., 1995) .
Bioeroder communities in changing environments
Through geological times, bioerosion has been observed to become more intensive during certain periods, depending on e.g. nutrient concentrations and sea level changes (e.g. Hallock and Schlager, 1986; Klein et al., 1991; Bromley and Asgaard, 1993; Bertling, 1999) . Since the industrial era, calcifiers, and bioeroders alike were repeatedly exposed to new and dynamic conditions, e.g. fast rising seasurface temperatures and ocean acidification. Over the last decades some authors warned that abundances and activities of some bioeroding organisms were escalating worldwide. Such developments were thought predominantly fuelled by reduced water quality, usually expressed as eutrophication (e.g. Hallock et al., 1993; Edinger et al., 2000; Holmes et al., 2000; Carreiro-Silva et al. 2005; Ward-Paige et al., 2005; . As most sessile and endolithic bioeroders are either phototrophs or filter feeders or both, they either benefit from elevated levels of nutrients in dissolved or particulate form, or from bacterial blooms in the water column (e.g. Rose and Risk, 1985; Hallock et al., 1993; Chazottes et al., 2002; Carreiro-Silva et al., 2009; . However, in photosynthetic bioeroders such as cyanobacteria, algae, and some sponges, nutrient boosts can be offset when grazing matches their enhanced growth, or by simultaneous shading effects through blooms (e.g. Chazottes et al., 1995; Tribollet et al., 2002; Carreiro-Silva et al., 2005; Tribollet, 2008a; Holmes et al., 2009) . Moreover, factors such as larval supply, strength of currents or availability of suitable substrate can have a stronger impact on bioeroder distributions than nutrients (e.g. Hutchings, 1984; Smith, 2011) . Increased area of suitable, exposed substrate, e.g. after coral demise due to thermal bleaching, is thought to be a strong driver that can significantly enhance bioeroder abundances and thus bioerosion rates (e.g. Reaka-Kudla et al., 1996; Scoffin and Bradshaw, 2000; Eakin, 2001; Rützler, 2002; Sheppard et al., 2002; Schönberg and Ortiz, 2009; . Availability of exposed CaCO 3 particularly promotes bioeroders with spores or larvae that can only recruit on dead substrates and would be ingested or killed when settling on live tissue (e.g. Rützler, 1971; Kleemann, 1980) , but certain bioeroder species such as some lithophages exclusively recruit on live coral (e.g. Highsmith, 1980; Kleemann, 1980; Scott, 1988; Mokady et al., 1991 Mokady et al., , 1992 Scoffin and Bradshaw, 2000; Kleemann and Hoeksema, 2002) . Bioerosion rates and respective carbonate budgets are thus a result of the interplay of bioeroding organisms with different ecological requirements, and variable and changing environmental factors.
Bioeroders under OA-the difference between chemical and mechanical bioerosion Introduction to bioerosion under OA Heat-related mortality of calcifiers in concert with eutrophication may lead to shifts from positive carbonate budgets to erosional states, which triggered additional concern about how OA may contribute to changes of bioeroder abundances and bioerosion rates in comparison to biogenic calcification (Pandolfi et al., 2011) . In the context with global change, research on bioerosion has experienced a marked increase over the last decade (Fang and Schönberg, 2015; Schönberg, 2015a; Schönberg, in press ). Moreover, recent efforts in the collation and distribution of information on OA have provided superb platforms for data management and -mining that have significantly supported efforts in bioerosion research. Prime example is the Ocean Acidification International Coordination Centre (OA-ICC, Monaco) compiling available experimental data on biological responses to OA. This resulted in a database launched within the European Project on OCean Acidification (EPOCA, 2016) , now maintained by OA-ICC through the webpage of the International Atomic Energy Agency (IAEA, 2016) . All carbonate system data in this database are thoroughly recalculated and standardized, providing a basis for future metadata analyses. Individual data sets are furthermore archived on the PANGAEA website (2016; tag OA-ICC). These databases are complemented by an extensive online bibliography on OA research that is accessible as a Mendeley group (Mendeley, 2016) . All these resources contain data or publications on bioerosion research in the context of OA or other global change parameters.
Mechanical vs. chemical bioerosion-background
Mechanical bioerosion is conducted by organisms when rasping or biting off hard materials during feeding and grazing activities (e.g. Figure 3 ), or by removing small fragments that sometimes result from chemical bioerosion and/or from abrasion exerted by hard body parts such as shells or teeth during activities not related to feeding (e.g. Tables 4-2 Table 1 , Supplementary data S1). Chemical bioerosion is the active, energy-requiring process of biogenic dissolution of hard materials by an etching agent produced by a bioeroder that is directly applied to the substrate, or by controlled undersaturation of calcium ions (e.g. Lazar and Loya, 1991; Zundelevich et al., 2007; Hutchings, 2008; Tribollet et al., 2009; Garcia-Pichel et al., 2010; Guida and Garcia-Pichel, 2016 ; Table 1 , Supplementary data S1). Organismically exerted chemical bioerosion is thus distinct from passive chemical dissolution via natural or anthropogenic undersaturation or acidification of the ambient water (e.g. Waldbusser et al., 2011; Andersson and Gledhill, 2013; van Woesik et al., 2013; Reyes-Nivia et al., 2014) .
Which bioeroders erode by what means? While microborers exclusively use chemical bioerosion (e.g. Tribollet, 2008b; GarciaPichel et al., 2010) , most other euendoliths employ a combination of chemical and mechanical bioerosion (Table 2 ; Supplementary data S3; see also Carriker and Smith, 1969) , sometimes depending on species. In bioeroding sponges, the combined mode of bioerosion is expressed by mechanically dislocating silt-sized chips after chemically etching fine fissures into the substrate (e.g. Pomponi, 1980; Schönberg, 2008;  Table 2 , Supplementary data S3). Polychaetes, sipunculids, bivalves, and gastropods may largely be chemical or combined chemical-mechanical bioeroders, as they chemically "soften" the material and then mechanically abrade it, but some of them exclusively engage mechanical action of teeth, chetae or shells (e.g. Carriker et al., 1963; Lazar and Loya, 1991; Hutchings, 2008;  Table 2 , Supplementary data S3). External bioeroders, i.e. grazers such as snails, urchins and fishes, mechanically remove calcareous material through the application of their mouth-or other body parts by rasping or biting when feeding on epilithic algae and microbial euendoliths (e.g. Schneider and Torunski, 1983; Bellwood and Choat, 1990;  Figure 3 ). However, some mollusc grazers are also capable of chemical bioerosion, resulting in e.g. "home scars" or even dwelling holes (Emery, 1962; Trudgill, 1976a; K azmér and Taboro si, 2012) . Some predatory molluscs have a chemical or combined chemical-mechanical approach to drill holes into their prey's shell in order to reach the tissue they feed on, and some of these are able to produce "foot scars" (e.g. Carriker et al., 1963; Nixon and Maconnachie, 1988; Herbert et al., 2009) . This means that chemical bioerosion is represented in every bioeroder guild (micro-and macrobioeroders, internal and external bioeroders, borers and mollusc grazers; Tab. 2, Supplementary data S3), but not in dominant grazers such as urchins and fishes.
Assessing chemical bioerosion with respect to OA
OA is thought to directly ease the process of chemical bioerosion via reduced alkalinity and pH. It is furthermore assumed to indirectly accelerate bioerosion by stimulating energy capture in phototrophic bioeroders and by making mechanical bioerosion more effective by "softening" the substrate (e.g. Tribollet et al., 2009) . The immediate response to OA will thus likely be led by microborers that exclusively employ chemical bioerosion and that are mostly photosynthetic. In shallow-water microborer communities dominated by Ostreobium (e.g. Grange et al., 2015) , microborer biomass, filament penetration depths and bioerosion rates rose with pCO 2 (Tribollet et al., 2009; Reyes-Nivia et al., 2013 ; bioerosion rates þ50-100% with pCO 2 >750 ppm).
In many ways our knowledge on how chemical bioerosion exactly proceeds is still very incomplete. Many researchers attempted to demonstrate acid production in bioeroders or to provide indirect evidence for it, but only few results are unambiguous (results summarized in Table 2 , Supplementary data S3). Historically, the difficulties these scientists faced included that they required resolution levels surpassing the assessment means available to them, or they used unsuitable techniques (e.g. reviews by Carriker et al., 1963; Schönberg, 2008) . Early attempts submerged entire macroborers in indicator fluid or tested suspected glands, homogenates of them, or the culture water, e.g. with litmus paper or manual titration (Supplementary data S3). Except for a few cases, such as when finding that limpets can acidify small tide pools <1L (Craig et al., 1969) , these efforts were prone to fail. This is because chemical bioerosion is very localized, thus minimizing the necessary amount of the etching agent (Figure 4 ; Carriker et al., 1963; Carriker and Smith, 1969) . The bodies of bioeroders snugly fit against the substrate or into bioerosion chambers, either determining or almost exactly matching the dimensions of the erosion trace. Alternatively, bioeroders cover the substrate surface with tissue, thereby reducing the water volume that mixes with the etching agent and maximizing the control (Figure 4 ). E.g. in shell-drilling gastropods the accessory boring organ seals the area subjected to bioerosion, and this area may additionally be covered by the foot of the snail (Carriker et al., 1963) . These circumstances make access for in situ measurements very difficult. During the intensive bioerosion research period between $1970 and $1990, more sophisticated methods than litmus paper were tried. More telling evidence was thus collected through electron microscopy (e.g. Rützler and Rieger, 1973; Alexandersson, 1975; Pomponi, 1980) , and with specific staining methods to locate glands with acid polysaccharides in e.g. boring polychaetes Note that in (a) the live coral in the centre of the picture was also bitten (corallivory), and that the photograph additionally shows three specimens of the boring clam Tridacna crocea.
Ocean acidification and bioerosion (Chughtai and Knight-Jones, 1988) . Bioerosion of molluscs that predominantly erode chemically can be disrupted by removing certain glands (e.g. Nixon and Maconnachie, 1988) . Gastropod and sponge bioerosion was successfully interrupted by inhibiting the enzymes carbonic anhydrase and acid phosphatase (Rosenberg et al., 1968; Hatch, 1980; Pomponi, 1980) . While this strongly suggests that in gastropods and sponges bioerosion involves enzymatic acid regulation, these enzymes are needed in many other basic physiological functions, and the arrest of bioerosion may have been a secondary effect of physiological interruptions. Recently, related research methods have made a quantum leap, and we have powerful new tools at our disposal that have not yet been employed to their full potential or have not even been considered in bioerosion research. An attempt with microsensors generated additional evidence for the use of acid in sponge bioerosion, however, by having to insert the sensor into the sponge tissue without being able to see exactly where the measurements proceeded, the study did not result in as pronounced signals as anticipated (Schönberg, 2008) . Tools such as synchrotron radiation and secondary ion mass spectrometry have not yet been tried in this context.
Chemical bioerosion of microborers
Microbioerosion has recently been investigated with new methods. In photoautotroph microborers photosynthesis creates unsuitable geochemical conditions for effective bioerosion by locally elevating the pH when illuminated. Interested by this contradiction (Garcia-Pichel, 2006), Garcia-Pichel and co-workers investigated a single strain of the bioeroding cyanobacterium Mastigocoleus testarum with laser microscopy and molecular techniques (Garcia-Pichel et al., 2010; GarciaPichel, 2012a, 2012b; Guida and Garcia-Pichel, 2016) . They showed that chemical bioerosion of M. testarum in culture occurs simultaneously with photosynthesis, and is performed by highly specialized, calcium-concentrating, and alkaline-tolerant cells. These cells function as calcium pumps with ATPase-driven counter-transport of hydrogen ions, thus creating an effective undersaturation at the dissolution front, the filament apex ( Figure 4 ). This mechanism seems to be relatively widespread in euendolithic cyanobacteria and is apparently also used by Hyella spp. (Ram ırez-Reinat and Garcia-Pichel, 2012a) . It may further occur in microboring algae, of which the siphonalean green alga Ostreobium is the dominant taxon in different settings (e.g. Akpan and Farrow, 1985; Le Campion-Alsumard et al., 1995a; Le Bris et al., 1998; Tribollet, 2008a; Grange et al., 2015) . If Ostreobium indeed employs a similar mechanism, it would explain its stimulated growth under elevated pCO 2 (Tribollet et al., 2009) : The CO 2 application would enhance its photosynthesis and ATP production, thereby fuelling calcium pumps for carbonate dissolution. This hypothesis was further supported by the demonstration of accelerated microbial bioerosion under future climate change scenarios with combined settings of temperature and pCO 2 (Reyes-Nivia et al., 2013) . Similar approaches as used by Garcia-Pichel et al. (2010) need to be taken advantage of in additional studies to explain the mechanisms of bioerosion in other taxon groups.
Mechanisms of OA-enhanced bioerosion
Through past studies enough evidence has been obtained across several bioeroder taxa to safely assume that chemical bioerosion usually involves acid regulation or transport of hydrogen ions Sponge bioerosion proceeds at the tissue-covered chamber walls, mostly in proximal portions, where pseudopods extend into etching fissures (circles; e.g. Rützler and Rieger, 1973) . Overview on the left shows erosion chambers in crossection. (c) Bivalve bioerosion is performed within the erosion chambers, where substrate is dissolved when covered by mantle tissue. Some bivalves augment chemical with mechanical bioerosion by grinding their shells across the substrate by body rotation (Kleemann, 1996) . (d) Homing scars of molluscs such as limpets, chitons and abalone can be largely sealed by the way the molluscs sit in the scar, with its shell acting like a lid and the foot covering the eroded area (e.g. as illustrated in K azmér and Toboro si, 2012). More information can be found in Table 2 .
( Table 2 , Supplementary data S3). The water exchange with the external medium is minimized at the site of bioerosion (Figure 4 ), but the etching is employed extracellularly. Therefore, controlling the resulting chemical gradients will incur energetic costs (GarciaPichel et al., 2010; see also Fang et al., 2014) . If the ambient CaCO 3 saturation state and pH are reduced, chemical bioeroders will experience a lower resistance to achieve bioerosion and can degrade CaCO 3 faster. In addition to OA-enhanced energy capture in phototrophs, the reduced resistance to bioerode thus saves metabolic energy that can be used e.g. to increase growth rates or the reproductive output, therefore feeding back into increased bioerosion rates down the line (Figure 5a-c ; Fang et al., 2013a Fang et al., , 2014 . It is thus immediately obvious how OA could accelerate chemical bioerosion. Mechanical bioerosion is expected to be indirectly facilitated by increased borer activity and resulting substrate weakening. CaCO 3 will also experience stronger passive dissolution under OA (e.g. Waldbusser et al., 2011; van Woesik et al., 2013; Reyes-Nivia et al., 2014) , which will further corrode substrate materials and make them easier to break or abrade.
The different responses of chemical vs. mechanical bioerosion were demonstrated in the sponge Cliona orientalis from the Great Barrier Reef (GBR), i.e. in an organism with combined chemicalmechanical bioerosion. Here, biogenically dissolved CaCO 3 proportionally increased with rising pCO 2 , but the amount of mechanically removed CaCO 3 remained almost the same (Fang et al., 2013a; Wisshak et al., 2013) . Assuming similar conditions for other combined-mode bioeroders, rates for one mode cannot easily be inferred from the other, as the proportional relationship between the two modes continuously changes with pH, as well as with other environmental factors (e.g. Table 3 , Supplementary data S4). Moreover, as the relationship of chemical vs. mechanical bioerosion was studied in no other bioeroder group than in sponges, generalization across other taxa is presently not possible.
We suggest that inferring rates of mechanical and chemical bioerosion from each other is further complicated by methodological problems. For sponges, it seemed logical to assume that under increased OA more material is dissolved per freed substrate chip, making chips smaller or the fissures around them wider (Wisshak et al., 2013) . Alternatively, more fissures could be etched, generating more chips as well. Previous assessments of ratios of chemical vs. mechanical sponge bioerosion seemed to support the first case. In marine habitats that according to Raven et al. (2005) can be comparatively acidic, unusually high rates of chemical bioerosion ()10%) were found compared to mechanically removed chips ((90%; Zundelevich et al., 2007; Nava and Carballo, 2008) . Also, under experimentally elevated pCO 2 chemical bioerosion increased, while resulting chip mass remained nearly constant (Wisshak et al., 2013; Fang et al., 2013a) . However, despite using the same species, C. orientalis from the GBR, results from the latter two studies differed. While Wisshak et al. (2013) measured total and chemical bioerosion and calculated chemical bioerosion to be 10% of the total, Fang et al. (2013a) measured chemical and mechanical bioerosion and determined chemical bioerosion to be 33% of the sum of the two. In contrast, calculating Fang et al.'s (2013a) proportion of chemical bioerosion in reference to total weight change of the substrate generated a value of 11.6% for the chemical component, which is much closer to the value obtained by Wisshak et al. (2013) . Fang et al. (2013a) remarked that mechanical bioerosion rates may not easily be quantified as sponge-generated sediment. Table 1 ). The black trendlines are for linear regressions, and the grey lines represent 95% confidence intervals. Respective equations were (a) y ¼ 0.36x þ 0.69, (b) y ¼ 1. 20x À 0.32, and (c) y ¼ 0.36x þ 0.93, where y and x are the normalized relative bioerosion rate and relative pCO 2 , respectively.
Ocean acidification and bioerosion

Physiological thresholds of bioerosion
Another unresolved question is to what extremes bioeroders' responses to environmental factors are linear relationships, and when thresholds are reached when factors become deleterious and produce parabolic functions. This question is difficult to answer. Only few studies involved more than one treatment level per parameter, and conditions with regards to the application of pCO 2 and temperature differed among experiments and did not generate consistent outcomes (Supplementary data S5-7). To date, all published results reported that higher pCO 2 levels led to an increase of chemical bioerosion. This relationship remained linear for studies that included heterotrophic as well as photosynthetic organisms and that tested the most extreme experimental settings, with pCO 2 as high as 1780 matm CO 2 for sponges and 1100 matm for microborers Reyes-Nivia et al., 2013 , with concurrent temperature increase; Wisshak et al., 2013 Wisshak et al., , 2014 . Other studies observed an initial acceleration of chemical bioerosion followed by lowered rates at 1000 matm pCO 2 for sponges and X < 1 for microborers (Fang et al., 2013a , with concurrent temperature increase; Enochs et al., 2015; A. Tribollet and M. Carreiro-Silva, unpubl. data) . Bioeroder threshold responses to pCO 2 , temperature and other environmental factors thus need to be explored more systematically. Pending further results, we presently assume that for short periods of time bioeroding sponges can tolerate pCO 2 levels as high as 1700 matm, which appear to facilitate their chemical bioerosion. Effects describe increases or decreases of bioerosion rates or bioeroder abundances, but bioeroder diversities may react differently (e.g. nutrients generally increase bioeroder abundances and bioerosion rates, but may suppress diversities; e.g. Yamazaki, 2010) . Symbols for effects: ¼ -no effect observed, ae -positive effect, reinforcement of bioerosion, ò -negative effect, reduction of bioerosion, òae -variable responses by observing different species, U -mortality observed at extreme values of listed factor, ô -factor combination with antagonistic effects, ï -effect direction is reversed, and the bioeroder enhances the listed factor trend, or ð -the bioeroder controls it in the opposite direction of the listed trend. Please note that some effect responses shown are based on observations on single species. For all elevated factors an intermediate to high disturbance level was assumed, as presently possible in the field. Representative references are listed in Supplementary data S4, linked to listed bioeroder groups by superscript number.
Aggravation or mitigation of OA-effects on bioerosion through other environmental factors or through interactions of bioeroders
To date only Wisshak et al. (2013) conducted an experiment on bioerosion that compared more than one temperature and pCO 2 treatment level each against ambient conditions in a fully crossed design. In comparison to the strong stimulation by pCO 2 , the responses they obtained for temperature were much less pronounced or clear. Elevated pCO 2 might have had an ameliorating effect on the temperature stress in the photosynthetic sponge they used, but findings were subtle. At ambient temperature, C. orientalis eroded most, and slightly less at lowered and elevated temperatures. At >30 C tissue death occurred. However, the experiment was run without slow, gradual adaptation, and heat stress may be less damaging when less acute. A recent field observation on the closely related Cliona varians reported bleaching under heat stress in some specimens, but in others lack of obvious symptoms for 17d exposures to in situ temperatures >33 C and with maximum temperatures >41 C . Not fully comprehending temperature effects by themselves, we only have a rudimentary understanding of relevant factor interactions, which can be complex (Table 3 , Supplementary data S4).
Different habitat conditions favour different bioeroder groups and calcifiers, and will thus determine the dominant taxa responding to OA (e.g. Tribollet and Golubic, 2005) . Roles and physiologies of the different groups need to be understood and assessed separately and in combination, relevant to context. In shallow waters, phototrophs such as common sponges and microborers are important bioeroders. Microborers exclusively employ chemical bioerosion, are ubiquitous, and comparatively evenly distributed. Unless microborers are excluded or artificially removed from experimental substrates, their activities will always be part of net bioerosion rates and need to be considered, even if another group is studied. Through their fast growth and reproduction they are pioneer bioeroders that can rapidly colonize fresh substrate within days to weeks (e.g. Le CampionAlsumard, 1975; Kobluk and Risk, 1977; Chazottes et al., 1995; Grange et al., 2015) . As they react acutely and significantly to applications of pCO 2 (e.g. Tribollet et al., 2009; Enochs et al., 2016a) , by 2100 their impacts on reefs and carbonate budgets could be greatly increased, here estimated to reach about 150% of present-day bioerosion rates (Figure 5a, Supplementary data S5) . This situation will likely be further aggravated by eutrophication and rising sea surface temperature (Table 3 , Supplementary data S4; Carreiro-Silva et al., 2005 Reyes-Nivia et al., 2013) . Negative impacts of microborers on live calcifying organisms will be intensified, including e.g. damage to shells and a lowered physiological condition in some marine molluscs (e.g. Hook and Golubic, 1993; Kaehler, 1999; Kaehler and McQuaid, 1999) , alterations to coral skeletons, lowered growth rates, as well as associated diseases (Le Campion-Alsumard et al., 1995b; Bentis et al., 2000; Priess et al., 2000; Ravindran et al., 2001; Work et al., 2008; Hassenrück, 2012) . However, such interactions may result in some positive effects as well, because photosynthetic microborers can reduce environmental stress. They can provide photoprotection, cooling and nutrient transfer to their hosts, latter especially during bleaching episodes (Schlichter et al., 1995; Fine and Loya, 2002; Yamazaki et al., 2008; Yamazaki, 2010; Zardi et al., 2016) , while the host affords them with shelter (Shashar et al., 1997; Fine et al., 2005; Cockell and Herrera, 2008) .
Scale matters for OA impacts on microborers. At global and reef scale, microbioerosion will very likely increase in general, but at organism scale effects can differ with species or penetration depth (also true for macroborers, e.g. Valentino, 2014) . Microborer biologies are not well understood in this respect, especially not at species level, and further studies are warranted.
Within the macroborers, sponges have been identified as dominant bioeroders in many marine habitats (e.g. Sheppard et al., 2002) , able to contribute more than 90% of local internal macrobioerosion (see Schönberg et al., in press ). Like microborers, sponges acutely respond to experimentally elevated pCO 2 (Figure 5b, Supplementary data S6) , as well as to reduction in live coral cover, or other environmental factors that can aggravate the situation created by OA (Table 3 , Supplementary data S4). Bioerosion by dominant sponges can thus quickly change with ambient conditions and drive the carbonate budget closer towards net reef erosion. For example, Cliona delitrix bioerosion increased to a fivefold level on an organically polluted reef at Grand Cayman (Rose and Risk, 1985) . Cliona vermifera infested about 1/3 of the investigated substrate on largely disturbed reefs in the Mexican Pacific and thus reached bioerosion rates of about 1/5 of local calcification rates (Nava and Carballo, 2008) . Where it is common, the photosymbiotic C. orientalis could potentially rework up to 1/4 of local calcification on the central GBR (Schönberg, 2001a; Schönberg, 2002a; De'ath et al., 2009; Schönberg and Ortiz, 2009) .
Bioeroding bivalves can occasionally reach high levels of abundance and can thus also significantly contribute to local bioerosion rates (e.g. Kleemann, 1996; Perry, 1998; Le Grand and Fabricius, 2011) . Polychaetes and sipunculans are not usually the most common bioeroders in modern warm-water habitats and often generate comparatively low bioerosion rates (e.g. Tribollet and Golubic, 2005; Hutchings, 2008) , but along with other bioeroders they may positively respond to OA and add to the total (DeCarlo et al., 2015; Enochs et al., 2016b) . Furthermore, for all the above groups, increased abundances and bioerosion rates were also observed with eutrophication (e.g. Carreiro-Silva et al., 2005; Tribollet et al., 2006a; Wielgus et al., 2006; . Nutrients could thus act as an exacerbating factor of OA effects on the carbonate budget of many reefs, even in taxonomically diverse bioeroder communities (Figure 5c , Supplementary data S7).
Case examples of bioerosion in changing environments
Case example 1: grazer-driven interactions in bioerosion-possible synergies and consequences Natural grazer-driven interactions None of the main bioeroder guilds-micro-and macroborers and grazers-act in isolation, but all interact with each other and with the environment. The role of macroborers in this context is the least well understood, but the synergistic link between microborers and grazers has received much attention (e.g. Akpan and Farrow, 1985; Bruggemann et al., 1996; Tribollet and Golubic, 2005; Grange et al., 2015) . Microborers represent a renewable food source for grazers and facilitate the process of grazer bioerosion by weakening the superficial substrate layer (Craig et al. 1969; Schneider and Torunski, 1983; Kiene and Hutchings, 1992; Chazottes et al., 1995 Chazottes et al., , 2002 Tribollet and Golubic, 2005) . Phototrophic microbes such as Ostreobium quekettii dominate in shallow waters and penetrate carbonate substrate to a depth of several mm, depending on the translucency of the material and their specific ability to use a given light environment for photosynthesis (Highsmith, 1981; Chazottes et al., 1995; Shashar et al., 1997;  Ocean acidification and bioerosion Gektidis, 1999; Vogel et al., 2000; Ralph et al., 2007; Tribollet, 2008a) . Different microborer species penetrate to different substrate depths (Tribollet, 2008a) , and when reaching the compensation depth where their photosynthesis equals their respiration, their penetration ceases. However, in conjunction with grazing, microbial bioerosion will continue downwards as light-reducing turfs and layers of substrate and microborers above are removed (e.g. Schneider and Torunski, 1983) . Different grazer species will excavate thicker or thinner layers of material (Trudgill, 1976a; Bonaldo et al., 2014) , thus altering the light environment and in turn the community structure of microborers (e.g. Cockell and Herrera, 2008; Grange et al., 2015) . As the substrate surface is continuously excavated, light penetrates deeper, thus again and again displacing the depth to which microbial euendoliths can bore (Tribollet, 2008b; . This is a selfreinforcing relationship, because grazers stimulate microborer growth by increased light penetration, and microborer biomass supports grazer activity (Figure 6 ; e.g. Le Campion-Alsumard et al., 1995a; Tribollet and Golubic, 2005; Grange et al., 2015) . This circular feedback is part of the "bioerosion loop" . This loop also includes macroborers and interacts further with environmental factors that can magnify overall effects or can complicate and distort bioeroder roles (Table 3, Figure 6 ).
Apart from weakening CaCO 3 for grazers, microborers prepare the substrate for macroborer settlement, e.g. for polychaetes and sponges (e.g. McCloskey, 1970; Mao Che et al., 1996) , which in turn increase surface area, substrate porosity, and light penetration and thus available microhabitat for microborers (Chazottes et al., 1995; Pari et al., 1998; Tribollet and Golubic, 2005) , again closing the loop. To a lesser extent than microborers, macroborers also facilitate grazing efficiency by parrotfishes, urchins and molluscs (Akpan and Farrow, 1985;  Figure 3) . Macroborers can attract targeted attention by parrotfishes, leading to selective predation and focused grazing (Rotjan and Lewis, 2005) . Sponges have been reported to become more abundant as consequence of climate change (e.g. Rützler, 2002; Schönberg and Ortiz, 2009) , and like microborers react to experimentally elevated pCO 2 (e.g. Fang et al., 2013a; Wisshak et al., 2014) , again feeding into re-enhancement of the loop. Therefore, mid-term acceleration of bioerosion could spiral upwards, from microbial through to macrobiotic chemical bioerosion and on to macrobiotic mechanical bioerosion. The latter would reinforce the first, by stimulating the entire community to erode more, thus closing the cycle (Figure 6 ). This feedback continues until a system shift causes ecosystem functions to fail, and even bioerosion to collapse (Eakin, 2001; Perry et al., 2014) . To date we have only little understanding, when and how physiological limits of bioeroders may be reached. We need more information on which links in the "bioerosion loop" are buffering against change, and which may break early.
Our knowledge of carbonate budget cause-effect relationships is limited due to complicated networks, cascading and feedback responses within the guild of bioeroders, together with calcifiers (e.g. Glynn and Colgan, 1992) . Coral fragmentation aided by euendoliths and occasionally implemented by grazers can induce coral asexual reproduction (e.g. Tunnicliffe, 1979 Tunnicliffe, , 1981 Scott et al., 1988b) . Grazers may also support microborer dispersal by spreading undigested propagules of them (e.g. Vermeij et al., 2013) . Shading by ungrazed algae has been shown to slow the growth of phototrophic euendoliths and to affect their species composition (Naylor and Viles, 2001; Chazottes et al., 2002; Cebrian and Uriz, 2006; Cebrian, 2010; Gonz alez-Rivero et al., 2011 Gutiérrez-Isaza et al., 2015; Gonz alez-Rivero et al., 2016) , and ungrazed macroalgal fronds being moved across the substrate by waves can reduce the settlement success of bioeroding sponges (e.g. Connell, 2003) . In contrast, focused scarid corallivory can diminish space competition for bioeroding sponges at the interaction zone with the coral and help the sponge to advance faster into the fresh, undefended substrate (M arquez and Zea, 2012). Even single parrotfish grazing scars on live corals can leave islands of bare substrate suitable for euendolith settlement (Welsh et al., 2015) . In turn, euendolith activity in the shells of mollusc grazers can affect their health (e.g. Kaehler and McQuaid, 1999; Dunphy and Wells, 2001; Pedrén-Caballero et al., 2010; El Ayari et al., 2015) . The guilds driving the "bioerosion loop" thus act clockwise and counter-clockwise, regulating each other.
Roles and interactions of grazers and other bioeroders in changing environments
Under normal conditions, borers, and grazers contribute not just to bioerosion by dissolving and fragmenting CaCO 3 substrate, but they also deliver valuable ecosystem services and sustain and maintain reef health. Microborers are major primary producers on reefs that support many food webs, e.g. they share nutrients with corals (e.g. Schlichter et al., 1995; Fine and Loya, 2002; Tribollet et al., 2006a) . Many macroborers are efficient filter feeders that purify the water and recycle nutrients (e.g. Rose and Risk, 1985; Corredor et al., 1988; Kötter and Pernthaler, 2000; Yahel et al., 2009; Mueller et al., 2014) . In addition, many grazers not only control turf biomass and various euendoliths, but are also thought to regulate macroalgal abundances, thus indirectly reinforcing coral cover (e.g. Sammarco, 1982; Mumby et al., 2006a; Mumby and Harborne, 2010 ; but see Clements et al., 2016) . Ecological studies modelling future climate scenarios for carbonate budgets in the Caribbean implied that those parrotfishes that mostly or partly eat macroalgae can strongly drive the architectural complexity of reef ecosystems and may thereby support live coral cover, an ecosystem service that is expected to outweigh their bioerosion effects by grazing (Hughes et al., 2007; Bellwood et al., 2012; Bozec et al., 2013; Kennedy et al., 2013; Perry et al., 2014; Bozec et al., 2015) . However, such positive effects are altered with shifting baselines and when bioeroder roles change. In reef ecosystems that experience a combination of global and local stress, rates of carbonate accretion are likely to decline, while bioeroders may cause more sever damage (e.g. Reaka-Kudla et al., 1996; Glynn, 1997; Donner et al., 2005; Langdon and Atkinson, 2005; Doney et al., 2009; Weil and Rogers, 2011) . Substrate availability for bioeroding organisms due to coral mortality will increase (e.g. Reaka-Kudla et al., 1996; , as rates of chemical bioerosion through OA is also thought to increase (e.g. Tribollet et al., 2009; Wisshak et al., 2014) . Eutrophication can further aggravate the effects (e.g. Holmes, 2000; Carreiro-Silva et al., 2005; , possibly leading to negative CaCO 3 budgets, degradation of reef three-dimensional structure, loss of diversity, and associated ecosystem services and functional collapse (ReakaKudla et al., 1996; Alvarez-Filip et al., 2009; Newman et al., 2015) . Especially reefs in Panama and Indonesia have been described as net eroding (e.g. Perry et al., 2008) . These are reefs where disturbance events caused coral mortality, and recovery appeared to be slowed or even prevented by subsequent intensive bioerosion (e.g. Glynn and Colgan, 1992; Reaka-Kudla et al., 1996) .
Grazer roles and dominances can vary according to such ecological shifts, with either parrotfishes or urchins usually being the prime contributors (O' Leary and McClanahan, 2010) , while molluscs may play a secondary role and are mostly restricted to shallow or even intertidal environments (Radtke et al., 1996) . On the outer shelf of the Great Barrier Reef, parrotfishes are the main grazers, with bioerosion rates by the largest species, Bolbometopon muricatum, attaining up to 5000 kg y À1 per individual, or 32.3 kg m
À2
reef area y À1 (Bellwood et al., 2003 (Bellwood et al., , 2012 . In contrast, high urchin grazing pressure reaching a maximum of 22.8 kg m À2 of exposed reef area per year has been observed at various other sites of the Indo-Pacific, such as in French Polynesia (e.g. Chazottes et al., 1995) Where urchins are the dominant bioeroders, they can promote coralline or turf algae and may induce severe structural loss that can result in the local extinction of other biota (Glynn, 1988; McClanahan and Shafir, 1990; Edgar et al., 2010) . In extreme cases they can ultimately reduce their own food source to an extent that it can no longer support their high population levels (Eakin, 2001 ).
Relationships and interactions between different bioeroder guilds can become pivotal with recurring disturbances such as coral bleaching and storm damage (Mumby, 2006; Perry et al., 2008; Bozec et al., 2015) . The Caribbean has not only experienced overfishing, but also a devastating sea urchin die-off (e.g. Carpenter, 1988; Mumby et al., 2006b) , leaving a reduced population of parrotfishes in the main grazer role (e.g. Mumby et al., 2006a) . In this case, natural reef maintenance through grazing cannot adequately be retained by the fishes themselves, but urchins also need to be present (Mumby, 2006; Kennedy et al., 2013) , which highlights the complicated nature of bioerosion processes that often relies on feedback relationships or on interactions.
Bioerosion by grazers under OA-possible scenarios
While pCO 2 treatments have been confirmed to directly affect chemical bioerosion by euendoliths in different situations (Figure 5a -c, Supplementary data S5-7), very little is known respectively about mechanical bioerosion. To date no targeted experiment has looked into OA effects on grazer bioerosion, and different scenarios and scales need to be considered: Ocean acidification and bioerosion (i) At the level of individuals or species-OA may directly affect grazer life cycles, physiologies or behaviours, e.g. lead to altered feeding frequencies. This could cause enhanced bioerosion rates through grazing-and stimulation of microborer growth, possibly leading to ii.
(ii) At the level of populations-Grazer abundances may increase due to OA-enhanced microborer growth and penetration depth, replenishing the grazers' food source ( Figure 6 ).
(iii) At the ecosystem level-OA is expected to accelerate chemical bioerosion and passive dissolution, and to reduce the efficiency of calcification. Therefore, all substrates will be structurally weaker, and grazer bioerosion may become overall more effective (but see Enochs et al., 2016b) .
Several studies concerned themselves with physiological OArelated responses of taxa containing grazers, including impacts on urchin reproduction, development, test formation and feeding behaviour, and on fish reproduction, development, and orientation (e.g. Doney et al., 2009; Kroeker et al., 2010; . All these results appear to be species specific and may be related to the organisms' abilities to acid-regulate their body fluids (Wittmann and Pörtner, 2013; Moulin et al., 2014) . We conducted a meta-analysis of data on urchin feeding rates under different pCO 2 treatments that implied that their feeding frequency or intensity is unlikely to change with OA ( Figure 7a , Supplementary data S8). OA may still promote grazing via increased food supply, because some grazer species congregate where food density is highest (e.g. Craig et al., 1969; Wahl and Hoppe, 2002; Naylor et al., 2012) , but at this stage lack of evidence prevents an adequate assessment of the situation. We think that the most likely scenario would be increased grazer bioerosion via OA-related substrate weakening across many different ecosystems and habitats (see e.g. Bruggemann et al., 1996) . Plotting individual bioerosion rates of the widely distributed Echinometra mathaei against modelled pH values for respective sample sites, amount of removed CaCO 3 increased with lowered pH (Figure 7b , Supplementary data S9). This suggests facilitation of grazer bioerosion through substrate weakening, supposedly mainly caused by microbioerosion that quickly responds to differences in pH. However, we did not consider any other environmental conditions that may have differed at these sites. As we will point out below, it is very difficult to conclusively demonstrate bioerosion vs. pH correlations when other environmental parameters vary as well. We therefore use this exercise not as a confirmation of OA-mediated grazer bioerosion, but as a hypothesis to illustrate how OA could indirectly promote even mechanical bioerosion via bioeroder interactions, and stress that research on grazers is urgently needed in the context of OA. It would be a logical extension from existing publications, and future prognoses cannot be made across all bioeroders as long as data on grazers and biological interactions are lacking.
Case example 2: bioeroding sponges-versatile bioeroders with high resilience Biology and roles of bioeroding sponges
The second case example concerns sponges, because various publications reported increased abundances of bioeroding sponges on ailing reefs (Rützler, 2002; Weil et al., 2002; Ward-Paige et al., 2005; Schönberg and Ortiz, 2009) . The finding that their chemical bioerosion strongly increased with elevated pCO 2 created additional concern (Figure 5b, Supplementary data S6) . Furthermore, bioeroding sponges may have a special role in the climate change debate, as they commonly appear to be "winners" in changing environments (sensu Fabricius et al., 2011) , or at least "resisters" or "survivors" of commonly occurring adverse conditions. Most bioeroding sponges are exclusively endolithic, usually with only their papillae breaking through the substrate surface (alpha morphology, e.g. Rosell, 1994) . In addition they can form a thin crust of tissue on the surface (beta). Others are free-living (gamma) or live buried in sediments (delta; Table 1, Supplementary data S1). All these growth forms are capable of bioerosion (e.g. Hatch, 1980; Kelly, 1986; Calcinai et al., 1999; Ise et al., 2004) , with the alpha and beta morphologies being the . Sea urchin feeding and bioerosion in relation to carbonate system parameters. (a) Relative sea urchin feeding rates under experimentally applied partial pressure of carbon dioxide (pCO 2 ; including bioeroding and non-bioeroding species and only using plant material). (b) Mechanical bioerosion rates of the sea urchin Echinometra mathaei under natural pH in the field or under local present-day conditions in the laboratory, standardized to test diameter. Data (mean or median) were extracted from publications cited in Supplementary data S8-9, where respective study conditions for (a) are summarized. All data used for (a) were rescaled as relative values compared to the present-day or control conditions in order to achieve normalization across different research settings. No significant correlation was found for (a). Approximate values for pH used for (b) were adapted from Raven et al. (2005) . The black trendline in (b) is for a linear regression, and the grey lines represent 95% confidence intervals, with the respective equation being y ¼ 0.80x À 0.10, where y represents bioerosion rates standardized to test size, and x approximates pH. most active. Like other internal bioeroders, sponges are found in a variety of different habitats and substrates, but apart from a limited ability to penetrate some organic materials they are restricted to CaCO 3 (e.g. Schönberg, 2002a and references therein).
Where bioeroding sponges grow close to or in the skeleton of living organisms such as corals or molluscs, they can act as parasites that can cause a severe energy drain when their host organisms invest into defense and repair (e.g. Stefaniak et al., 2005; Beuck et al., 2007; Carroll et al., 2015) . Occasionally, the sponges even kill their hosts (e.g. McKenna, 1997; Schönberg and Wilkinson, 2001; Chaves-Fonnegra et al., 2005; L opez-Victoria et al., 2006) . For economically valuable corals, or shellfish such as edible and pearl oysters or abalone, this can result in millions of dollars loss per year (e.g. Rosell et al., 1999; De Nys and Ison, 2004; Fromont et al., 2005; Pedrén-Caballero et al., 2010; Lisson, 2014; Schönberg and Wisshak, 2014) . It is thus obvious that bioeroding sponges have a high potential not only for causing large structural damage and for limiting some host communities, but they can also be responsible for significant economic deficit. The genera Cliona, Cliothosa, Pione, and Siphonodictyon are abundant bioeroding sponge taxa most commonly found in shallow, warm-water environments (e.g. MacGeachy, 1977; Perry, 1998; Schönberg, 2001a; Carballo et al., 2008) , while on cold-water reefs and in deeper water genera such as Alectona, Delectona, Spiroxya, and Dercitus become more important (e.g. Calcinai et al., 2001 Calcinai et al., , 2002 Cerrano et al., 2001; Beuck et al., 2007 Beuck et al., , 2010 Schönberg et al., in press ). Bioeroding sponge species belong to at least seven orders (Schönberg, 2000; Hooper and van Soest, 2002; Bertolino et al., 2011; Rützler et al., 2014; Schönberg, 2016a) . This diversity implies a large range of physiologies and ecological niches, yet to date only clionaid species have been studied in context of OA (Supplementary data S6) . By far most data are available from C. orientalis from the Australian east coast, and other species studied are Cliona cf. celata from the West Atlantic and North Sea, Cliona aprica and C. varians from the Caribbean, and Pione lampa from the Florida Keys (Supplementary data S6) . Except for C. cf. celata and C. varians these were all sponges in beta morphology, which makes it easier to standardize approaches by using the twodimensional reference of sponge surface tissue area (e.g. Schönberg, 2001b; Daume et al., 2010; Calcinai et al., 2011; Wisshak et al., 2014; Schönberg, 2015a; Fang et al., 2016b) .
Sponges in OA research-are bioeroding sponges acid regulators?
Short-term controlled experiments on different free-living sponges showed no or only mild consequences of manipulated pCO 2 (e.g. Duckworth et al., 2012; Vicente et al., 2016 ). Yet field surveys at CO 2 vent sites reported shifts in local sponge communities with decreasing abundances closer to the vents Goodwin et al., 2014) . Interestingly, at the most acidified site near Ischia at pH 6.6 one of the two still abundant sponge species was the sponge Spirastrella cunctatrix that belongs to the Clionaida (Goodwin et al., 2014) . Goodwin et al.'s explanation for sponges mostly missing at the vent site was that sponges probably cannot acid-base regulate. However, this would contradict the assumed mechanisms in sponge bioerosion, for which enzymatically controlled acid regulation was proposed (Pomponi, 1980;  Table 2 , Supplementary data S3). We suggest that bioeroding sponges may well be more "acid-tolerant" than most freeliving sponges, even without the protection of the surrounding CaCO 3 substrate or its buffering effect. A historic experiment on dissociated sponge cells compared Cliona cf. celata to a noneroding sponge, Clathria (Clathria) prolifera (Galtsoff and Pertzoff, 1926) . In this study, Cliona cell suspensions were consistently more acidic than Clathria cell suspensions, and Cliona cells were more resistant to acid applications, with cytolysis starting later than in Clathria. Likewise, when cleaning sponge spicules with heated nitric acid for taxonomic preparations, clionaid cells are sometimes very impervious to the digestion. It is not uncommon that organic fragments remain behind even after 1d after the acid application (Schönberg, 1999) . On the other hand, Emson (1966) noted that C. cf. celata contracted and closed its oscules when the pH of the culture water was reduced or raised by !1 pH unit (threshold pH 7.8). Closure and arrested pumping would be unsustainable over longer periods, as most physiological functions in sponges depend on water flowing through their canal system. It remains unclear whether Emson's findings are of a general nature, as such reactions were not observed in acute OA simulation experiments on clionaids that either applied acid (Duckworth and Peterson, 2013: pH 7.8) or CO 2 perturbation with the lowest pH being 7.7).
Expected future bioerosion by sponges
All OA-related experiments using sponges were short-term studies, from hours to months, and thus represent only tentative evidence on how sponge bioerosion will behave under OA. However, in these experiments reduced pH and higher levels of pCO 2 induced higher chemical bioerosion rates in different clionaid sponges. This occurred regardless of climate zone, whether the sponges had photosymbionts or not, and whether the pH change was achieved by acid application or CO 2 perturbation (Supplementary data S6). We normalized respective data and displayed them proportionally in the same graph to demonstrate this point (Figure 5b) . Under "business as usual", CO 2 emission scenarios assume 800-900 matm pCO 2 in 2100 (e.g. Fabry et al., 2008) , i.e. about a doubling of present-day biogeochemical conditions. When experimentally applying respective 2100 levels of pCO 2 , chemical sponge bioerosion roughly doubled as well (Figure 5b ). In comparison, the respective increase of exclusively chemical microbial bioerosion was not quite as dramatic, but still high (Figure 5a estimates an additional 50% microbial bioerosion, where sponge chemical bioerosion increased by 100%; but see Enochs et al., 2016a) . This might suggest that the low number of available studies may not yet be representative. Alternatively, the observed discrepancy may be a result of the different strategies microbes and sponges use to dissolve CaCO 3 : Common microborers rely on ATPase-driven removal of calcium ions, creating an undersaturation (Garcia-Pichel et al., 2010) , and chemical bioerosion in sponges is thought to involve enzymatically controlled acid-regulation for CaCO 3 etching (Pomponi, 1980) . All bioeroding sponges studied to date displayed enhanced bioerosion performance under experimentally elevated pCO 2 (Figure 5b, Supplementary data S6) . To date this effect could not conclusively be offset by other parameters, apparently except for extreme heat that bleached or killed C. orientalis (Fang et al., 2013a; Wisshak et al., 2013 ; further studies are needed). In general, bioeroding sponges appear to be comparatively hardy, and some species very successfully resisted various forms of environmental stress. The potential to heal within days and regenerate lost tissue within weeks (e.g. Wisshak , 2016) , as well as the ability to form encapsulated resting stages are thought to afford an excellent basis for resilience and survival (Rosell and Uriz, 2002; Schönberg, 2002b; Schönberg et al., in press ). Moreover, the endolithic life style of bioeroding sponges provides significant shelter against adverse conditions such as heat, extreme light, disease, and predation (Schönberg and Suwa, 2007; Schönberg and Wisshak, 2012) . Being endolithic apparently affords other internal bioeroders with comparable protection (Shashar et al., 1997; Fine et al., 2005) , but euendolithic bivalves died alongside their host corals during an El Niño event in the Eastern Tropical Pacific (Scott et al., 1988b) . In photosymbiotic sponges their hardiness additionally seems to rely on their ability to relocate the associated, putatively heat-resistant zooxanthellae, as well as possibly possessing means of controlling the amount of light traversing the tissue (Schönberg and Suwa, 2007; Schönberg et al., 2008; Hill et al., 2011; Schönberg, 2015b; Fang et al., 2016a; Hill et al., 2016) . Unfortunately, some of the most destructive bioeroding sponges belong to these very successful photosymbiotic sponges (e.g. Schönberg and Wilkinson, 2001; L opez-Victoria et al., 2006) , and we have only limited knowledge of their physiological thresholds. Under optimum conditions they can reach bioerosion rates between 10 and 25 kg m À2 sponge tissue yr À1 and have a very similar distribution as corals (Schönberg, 2002a; Calcinai et al., 2007) . By their adaptations bioeroding sponges and other euendoliths may be more resilient to various sources of stress calcifiers often suffer from, and eutrophication and increasing availability of suitable substrate by coral mortality is expected to further aggravate the balance between calcifiers and bioeroders (e.g. Rützler, 2002; Ward-Paige et al., 2005; Schönberg and Suwa, 2007; Schönberg and Ortiz, 2009; Mueller et al., 2014; Schönberg, 2016a ; and references therein).
Problems with pattern recognition-controlled experiments vs. field observations, methods vs. outcomes, and our ability to integrate results
OA research on bioerosion lags behind OA research on calcification
Environmental changes and resulting community shifts appear to proceed faster than research on coral reef health and management (Risk, 1999; Veron et al., 2009; Mora and Sale, 2011) . The situation is far worse for research on bioerosion than for calcification (Fang and Schönberg, 2015; Schönberg, 2015a) . Presumably due to the large attention on OA (Browman, 2016) , interest in bioerosion has recently increased (Schönberg and Tapanila, 2006; Fang and Schönberg, 2015; Schönberg, in press ). Nevertheless, respective outputs may still be too few and far in between, and some approaches generated compromised data or overinterpreted them (Supplementary data S10). What are the reasons for this?
OA research itself is still regarded as challenging to conduct, and it can generate significant expenses (e.g. Browman, 2016; McElhany, 2017) . Aquarium experiments require elaborate quality control, modern facilities and costly equipment, may involve technical support and external analyses. Space for such experiments is often restricted, limiting the scope by reducing numbers of species, replicates, treatment levels, or factors (e.g. Wernberg et al., 2012) . Field sites with natural pH or CO 2 gradients are rare and also require involved background studies and assessment of natural variation (e.g. Hall-Spencer et al., 2008; Fabricius et al., 2011; McGinnis et al., 2011) . Replicate measuring equipment is needed to monitor a multitude of environmental parameters to characterize the habitat conditions and to test for co-variables. In situ (semi-)controlled field experiments have not yet been implemented for bioeroders and remain challenging, as organisms need to be chemically isolated (e.g. Kline et al., 2012) . Funding is also a big problem, but all this applies to bioerosion as well as to calcification studies.
Large differences between calcification and bioerosion science can be better explained by the present research demand not being well matched by available resources and expertise, because the science community working on bioerosion is exceedingly small (see also Fang and Schönberg, 2015) . For example, while >5% of the globally listed sponge researchers declared that bioeroding sponges were one of their main research interests (Schönberg, 2016b) , this proportion is made up of only 22 scientists worldwide. In-depth knowledge of the ecophysiology and taxonomy of bioeroders in general is scarce. An Internet literature search across 5 years (2011) (2012) (2013) (2014) (2015) retrieved only about 70 authors globally with 2þ publications with a full focus on non-fossil bioerosion, or 3þ papers with a significant contribution advancing our knowledge on respective biological or geological processes. The above count of authors regularly publishing on bioerosion included coauthors that otherwise have a different focus, thus reducing the pool of established bioerosion scientists by about another 20%, resulting in approximately 60 regular authors globally and making expertise in bioerosion very rare. Respective central areas of interest across 2011-2015 included reef health, comparative ichnology, and bioerosion of submerged artefacts. Several authors intensively published on microendoliths, Osedax, sponges, and parrotfishes (all these for authors with !1 contextual publication/ year). Other disciplines and taxon groups received far less attention. Where expertise exists, established bioerosion scientists frequently collaborate within their expert area, but much needed interdisciplinary approaches across a wider area of research and with scientists new to the area or from outside bioerosion research could be exploited to a better extent, potentially creating more efficiency, and more comprehensive and accurate outputs.
Lack of knowledge on bioeroder biologies, and sometimes on bioeroder taxonomies hampers related research (e.g. Xavier et al., 2010; de Paula et al., 2012; Leal et al., 2016) . In consequence, attempts to generalize can be very compromised, as biological traits can vary strongly between bioeroder taxa (Table 3) , sometimes with species. For example, sympatric spp. of Cliona can be heterotrophic-photosymbiotic or exclusively heterotrophic (e.g. Wisshak et al., 2014) . In contrast, dominant benthic calcifiers such as hermatypic corals share a large number of traits across the entire taxon. They are mostly photosynthetic, sessile cnidarians that depend on warm waters and are most productive in shallow water environments (e.g. Yonge, 1973; Veron, 1985) . Marine bioeroders on coral reefs, however, can be found across a wide bathymetric range and in almost every marine phylum (e.g. Glynn, 1997; Wisshak and Tapanila, 2008; . Of course, such a taxonomic and physiological diversity represents an immense variety of ecological niches, and responses to environmental factors can differ widely between and within taxon groups (Table 3) . It is thus not logical, or is even risky to expect different members of these groups to react in similar ways to various biotic and abiotic factors. This is most likely the reason for "inconsistent" results noted by some workers (e.g. Barkley et al., 2015) , even though dominant bioeroders may sometimes respond to the same stimulus as a guild (e.g. eutrophication, OA; Table 3 ). For many groups our biological knowledge is insufficient to anticipate trends and at which scale responses need to be quantified-for species, higher taxa or communities. Moreover, data on general physiology (e.g. reproduction) of bioeroders are even less well understood than their roles in bioerosion. This lack of general knowledge is especially precarious when using pre-infested substrates such as rubble, and for field surveys along pH or pCO 2 gradients. For related studies, several taxa were commonly grouped together, not usually adequately resolved; dominant bioeroders were not always identified or quantified, or were ignored or overlooked (e.g. Manzello et al., 2008; Islam et al., 2012; Crook et al., 2013; Silbiger et al., 2016; Barkley et al., 2015 ; but see Enochs et al., 2016a) . Bioerosion by microborers, sponges, and fishes is best studied with regards to environmental factors (Table 3 , Supplementary data S4). While microborers are usually investigated as entire community, not always quantitatively distinguishing photo-from heterotrophs (e.g. Tribollet, 2008a) , sponges are more often and fishes almost always studied at the species level. In the context of OA, our knowledge is largely restricted to bioerosion rates of chemical or chemicalmechanical bioeroders, i.e. microborers and sponges, favouring Ostreobium and Phaeophila spp., and Cliona viridis complex species such as C. orientalis (Supplementary data S5-7) . However, we know almost nothing about how OA affects other physiological functions in these groups or other bioeroders (e.g. lithophages; Valentino, 2014) . This situation prevents us from developing a general understanding. It hampers the planning and conducting of related research, not even mentioning the barriers this creates for forecasts, management, and mitigation.
Published data on OA-effects on bioerosion are often flawed
We screened the presently available publications in the context of OA-related research on bioerosion and found almost all studies to contain a few flaws, ours included (Supplementary data S10). Problems were often related to either facilities or sampling opportunities limiting the scope of studies or to inadequate knowledge on bioeroders. The issues are here listed as dot points, and we provide some general accounts below. For further perusal we generated a table with detailed explanations and references (Supplementary data S10).
General issues in OA research that became apparent: To date aquarium experiments were most common, of which none lasted longer than 4.4 months, thus representing acute effects, rather than chronic ones (Supplementary data S5-7 and S10).
Nevertheless, results were presented as "OA-effects" rather than responses to CO 2 of pH exposures (see McElhany, 2017 for further comments). These experiments were largely restricted to microborer communities and single species of sponges (Supplementary data S5-7), usually testing simulated OA as a single treatment factor, and only in some cases also looking into temperature effects or interactions with corals. Regrettably, available bioeroder-coral interaction studies were not very conclusive for the bioeroding sponge C. varians (Stubler et al., 2014 (Stubler et al., , 2015 . It was attached to branching coral, thus having different areas of contact that could not be quantified and may have varied across treatments, thus preventing standardization. Related studies are easier to perform and to standardize when using massive corals (Schönberg and Wilkinson, 2001; Fang et al., 2016b) , but should not be restricted to them. Some studies would have been able to supply more detailed information if adequate controls would have been implemented, which applies to aquarium and field studies (Supplementary data S10). Control substrates can e.g. be used to assess passive dissolution vs. bioerosion (Tribollet et al., 2009; Fang et al., 2013a; Reyes-Nivia et al., 2013 , calcification vs. bioerosion (e.g. Wisshak, 2006; Wisshak and Rüggeberg, 2006) , biomass, and to separate the contributions of different bioeroders such as micro-vs. macroborers (Fang et al., 2013a (Fang et al., , 2013b . Whatever approach is taken, it is paramount to know which bioeroders are present and what substrate was used, as differences exist in bioerosion efficiency of different materials and taxa, even within the same genus (e.g. Trudgill, 1976b; Hibino and van Woesik, 2000; Schönberg 2002a; Calcinai et al., 2007) . Studies that assessed natural substrate materials already inhabited by bioeroders (e.g. rubble or recently killed coral; e.g. Reyes-Nivia et al., 2013) can thus incur bias if employing unsuitable comparisons. Bioeroder communities can vary between loose and attached substrate (e.g. Carballo et al., 2008; Schönberg, 2015a) , branching and massive corals (e.g. Zubia and Peyrot-Clausade, 2001; Schönberg, 2001a; Bonaldo and Bellwood, 2011) , whether substrates were sourced from skeletons of live or dead calcifiers (e.g. Schönberg, 2001a; Carballo et al., 2008; Francini-Filho et al., 2008; Dumont et al., 2013) , and with confounding environmental conditions (Table 3 ). All biological responses are species dependent. In addition, bioerosion rates can vary along temporal scales, and the perceived variation can depend on the reference unit (Figure 2 in Rützler, 1975; Grange et al., 2015) . Time of exposure Ocean acidification and bioerosion for colonization of fresh substrate has a large effect on which bioeroder taxa had time to establish and dominate, on bioerosion rates, and whether the communities that recruited are transitional or mature (e.g. Hutchings, 1992, 1994; Chazottes et al., 1995; Kiene et al., 1995; Pari et al., 2002; Tribollet and Golubic, 2005; Grange et al., 2015; F€ arber et al., 2016) . Erosion rates of mature communities will convey more reliable results. When naturally established, pre-existing bioeroder communities are studied, a detailed diversity analysis needs to be conducted that explains what dominant bioeroders proportionally contribute (see Tribollet et al., 2006b; Tribollet, 2008a; Tribollet et al., 2009; Reyes-Nivia et al., 2013 . If this is not done, results cannot be generalized beyond the experimental situation and may even be misinterpreted, especially when the response data only stem from part of the present bioeroder community (e.g. Edinger et al., 2000; Islam et al., 2012; Silbiger et al., 2014; DeCarlo et al., 2015; Stubler and Peterson, 2016; Silbiger et al., 2016) .
The greatest challenge is associated with assessing differences in bioerosion along a natural pH gradient. Responses can vary with taxon, obstructing efforts to generalize, and patterns that initially look very convincing may in fact be caused by covariables. These relationships are extremely difficult to tease apart, and as a consequence a given target factor cannot easily be confirmed as the main driver of the patterns. Below we will point out some observations that may have compromised conclusions, but we nevertheless applaud the authors for pursuing important and ambitious projects and often investing much effort. Crook et al. (2013) found more macrobioerosion in coral cores from sites with lower pH, however, replotting their data we also discovered an inverse relationship with temperature ( Figure 8a) . Silbiger et al. (2014 Silbiger et al. ( , 2016 proposed that their settlement blocks placed along a pH gradient displayed less net bioerosion or more net calcification with higher pH. However, when replotting their data against each of the carbonate system parameters in turn, none of the models explained even as much as 30% of the variance (Figure 8b -pH as best-fit example). As pH remained stable on the reef flat (14 samples) and only changed along the reef slope (7 samples), we excluded the reef flat data and one outlier and replotted net bioerosion, but the relationships with the carbonate system parameters became worse. This suggested the possibility that observed patterns may have been also, or were exclusively influenced by other environmental factors. For instance, their net CaCO 3 values seemed to correlate in a parabolic function with water depth if just using the slope data (Figure 8c ). While calcification and bioerosion rates are known to vary with water depth (Table 3 ; e.g. Goreau and Hartman, 1963; Kobluk and Kozelj, 1985; Perry, 1998; Alexandrakis, 2012) , given the small sample size the observed correlation was still difficult to accept as biologically meaningful. The Silbiger at al. data also represented a very small spatial range (the whole transect was 32 m long and extended only to 5 m depth), blocks were not replicated, and analyses relied on net values. Furthermore, blocks contained an early-stage, transitional community likely dominated by microborers, a group that could not adequately be assessed. As result, it may not be possible to properly interpret the perceived patterns. DeCarlo et al. (2015) conducted an ambitious study on coral cores sampled across the entire Pacific. Macrobioerosion seemed to respond to different pH regimes, and in the total dataset this effect appeared to be magnified by nutrients. Unfortunately, their raw data had very wide ranges (see their Figure 3 ), and a third of their sites were represented by fewer than five cores (Supplementary data S10). When plotting the nutrient effect on macrobioerosion separating the oligo-and the eutrophic sites, their material did not show a clear nutrient effect, when this should have been the case at least for the eutrophic locations (Figure 8d ). Their pH effect appeared genuine, but ). For (a) a pH co-variant correlation with temperature may have existed for amount of CaCO 3 removed by pre-existing macroborers in massive Porites. In (b) net macrobioerosion rates in experimental blocks do not demonstrate a good fit for a correlation with pH, but may suggests that (c) along the reef slope bioerosion could have depended on water depth. For (d) the authors reported an overall correlation of pre-existing macrobioerosion in massive Porites with field pH, the effect being enhanced with nutrients across all sites. However, when separating oligotrophic from eutrophic sites, nutrient-related patterns vanished. All the above studies assessed only part of the existing bioeroder community, and did not taxonomically identify the community members.
confounding co-variance with other factors cannot be ruled out, e.g. their samples were from different habitat types, and nutrient concentration differed with depth. When replotting bioerosion values from the coral core study of Barkley et al. (2015) , the amount of removed CaCO 3 only significantly correlated with carbonate system parameters, not with the measured nutrients, nor with temperature. However, while methods suggested that only macroborers were assessed (not entirely clear), the publication spoke of bioerosion in general. These examples indicate that replication and standardization of sampling conditions are important in bioerosion research, as bioeroders can be extremely patchily distributed, and that future studies should aim at improving the test power (e.g. Fang et al., 2009; Schönberg, 2015a) . Moreover, the above studies apparently only targeted macrobioerosion or could not adequately quantify microborers, which would nevertheless have formed a significant part of their bioeroder communities. Two recent field studies using clean substrate exposed to settlement specifically studied some of the existing knowledge gaps. A microborer community dominated by the pioneer species Phaeophila sp. established faster and caused more bioerosion in naturally acidified waters (Enochs et al., 2016a) . Likewise, a macroborer community dominated by annelid worms eroded more with less distance to the CO 2 vent, while microboring and grazer bioerosion did not differ between sites (Enochs et al., 2016b) . It would be of great advantage if microborers as well as grazer effects could be included more often in future studies, which would enable a wider and more general interpretation of existing data.
Risk of comparing apples with pears
Another source of variation or for partly contradictive results may be related to scales and methods chosen for bioerosion vs. OA research (e.g. Andersson et al., 2015) . In bioerosion research, a traditional method of studying types of bioeroder communities and quantification of local bioerosion rates is the use of settlement blocks, most often cut from massive Porites (e.g. Hutchings, 1992, 1994; Chazottes et al., 2002; Tribollet et al., 2002 Tribollet et al., , 2006a Tribollet et al., , 2006b Enochs et al., 2016b) . Block materials and the way such blocks are deployed can influence the results (e.g. Bruggemann et al., 1996; Schönberg, 2002a; Dumont et al., 2013) . Attachment to racks or on elevated structures can bias towards colonization exclusively by larval settlement or by larvae with good swimming abilities. Blocks attached directly to the reef matrix will also reflect bioeroder invasion by expansion of grazer territories, lateral growth of neighbouring euendoliths and by larvae with limited swimming abilities or a short planktonic phase. Upfacing block surfaces attract a different community than downfacing surfaces (e.g. Wisshak, 2006; Wisshak et al., 2005 Wisshak et al., , 2010 Wisshak et al., , 2011 Alexandrakis, 2012; F€ arber et al., 2015) . Horizontal placement allows better grazer access than vertical placement (Baynes, 1999) . However, some sea urchins rather prefer to graze on vertical surfaces (Bulleri et al., 1999) , and photosymbiotic borers may erode more strongly in vertical blocks that receive light from all sides (Schönberg, 2006) . Therefore, block data should only be used in comparison if the deployment situation is similar (block material, attachment, duration of exposure, water depth, flow regime, season etc.). Also, block data cannot easily be compared with field survey data (Manzello et al., 2008) .
Bioerosion rates can be difficult to compare, because for different taxa different methods and units were used for quantification (e.g. Schönberg, 2001b; Silbiger et al., 2016) . This results in different formats for bioerosion rates. Rates for euendoliths and some grazers are commonly provided as kg m À2 yr À1 or convertible formats (e.g. . Sponge bioerosion is usually referenced to sponge surface tissue area (e.g. Schönberg, 2002a) , but relating to either initial or final tissue area generates differet results (Rützler 1975; Holmes et al., 2009) . Echinoid bioerosion refers to individuals or reef surface area (e.g. Bak, 1994; Griffin et al., 2003) . Bioerosion by some euendoliths was assessed as volume (e.g. Dineen, 1990) , or downward extension of the chamber per unit time (e.g. Kleemann, 1990) , and that for fishes as number of bites and bite volume per unit time (e.g. Francini-Filho et al., 2008) . To make these rates analogous, to evaluate relative importance of a given bioeroder group or to compare bioerosion with calcification rates, these data need to include information on population densities or proportional area coverage for each bioeroder, with reference to available substrate surface area, which will significantly vary with location (Schönberg, 2015a) . In this context, it is also important to compare gross bioerosion only with gross calcification (e.g. both values as obtained by micro-computed tomography), or net values with net values (Table 1 , Supplementary data S1 and S10). For comparative data analysis across different studies, it is probably best to express bioerosion rates as % change of gross values, which often requires access to "before" or "ambient" data. This approach has been adapted for recent OA research, when bioerosion was expressed as % increase for future scenarios compared to present-day rates (Tribollet et al., 2009; Wisshak et al., , 2013 Wisshak et al., , 2014 , and % bioerosion compared to calcification (Reyes-Nivia et al., 2013) . A study by Wisshak et al. (2014) compared changing bioerosion rates for the sponges C. cf. celata and C. orientalis, values which were extremely different as changes of substrate mass, but were virtually the same when expressed as % of the ambient situation. As alternative, we presently displayed bioerosion as a multiplicative factor of the control or ambient situation, with the baseline situation always being 1, regardless of the scale, dimension or original value ( Figure 5 ). Thereby value pairs as different as 2 and 4 mm, 10 and 20 kg or 130 and 260 ml would all result in relative, dimension-free values of 1 and 2, thus portraying that the proportional change for each value pair represents a doubling of the baseline situation.
Overall, bioerosion vs. OA research has made a quantum leap, but still appears to be in the "trail and error" phase, displaying similar shortfalls as other research areas (Wernberg et al., 2012) . While separate studies need to be regarded with caution, in concert they usually display a common trend with regards to three factors: Bioerosion often increases with OA, eutrophication, and available substrate area (Table 3 , Supplementary data S4).
From present observations into the futuretranslating available results into forecasts
Based on the above findings some environmental factors are likely to generate comparatively uniform and strong responses in bioerosion, while others can lead to entirely different and seemingly contradicting outcomes, depending on the bioeroder species (Table 3) . From when bioerosion was first defined (Neumann, 1966) , eutrophication was consistently identified as enhancing dominant bioeroder abundances and bioerosion rates. Later, reduction of live cover on carbonate substrates-often due to mortality events-was also understood to persistently increase bioerosion. Recently, experimental applications of CO 2 were Ocean acidification and bioerosion shown to accelerate chemical bioerosion by microborers and bioeroding sponges. Mechanical bioerosion is thought to follow suit under OA via "substrate softening". Other factors produced mixed results. Therefore, factors that are associated with the most consistent responses across an entire bioeroder community in shallow waters include nutrients, substrate availability, and OA. Changes in bioerosion are thus driven at local and global scales. To date none of the commonly discussed environmental factors are known to uniformly reduce bioerosion, and interactions between the enhancing factors are only partly understood (Table 3) . To complicate matters, organism interaction networks are also only rudimentarily understood. Grazing of epilithic algae or bleaching of overlying coral tissue can change microborer communities and abundances and thus their bioerosion rates (e.g. Fine and Loya, 2002; Carreiro-Silva et al., 2005; Gutiérrez-Isaza et al., 2015) . Overfishing commonly substitutes the dominant grazer, which may have effects on euendolith communities (e.g. Carreiro-Silva and McClanahan, 2001; Norström et al., 2009; Figure 6) . Intensified grazing by urchins may favour turf or coralline algae (e.g. Edgar et al., 2010; Vermeij et al., 2010, but see O'Leary and McClanahan, 2010) , which establish above microborer communities and create different light conditions (Chazottes et al., 2002) . And all of these biota respond to environmental conditions (Table 3 , Supplementary data S4, Figure 6 ). Euendoliths such as microborers and sponges are known to directly respond to OA, and different studies on a range of other disturbances reported increases in bioeroding sponge abundances (Rützler, 2002; Sheppard et al., 2002; Ward-Paige et al., 2005; Schönberg and Ortiz, 2009) . As consequences of global climate change cannot immediately be reversed (e.g. Karl and Trenberth, 2003) , a logical recommendation would thus be to act at local level, by improving the water quality, and where possible by reducing stress levels that could lead to calcifier mortality and enhanced bioerosion. Approaches modelling reef health and net calcification projected different scenarios into the future and found that with declining coral cover, internal bioerosion is expected to play an increasingly larger role in determining whether a reef was net accreting (Kennedy et al., 2013; Enochs et al., 2015; Roff et al., 2015) . The former authors concluded that arresting or even reversing presently occurring reef deterioration cannot be achieved by only addressing one or few issues, but that the complicated interactions and reinforcing network relationships need to be reflected in much detail (Figure 6 ). Taking this into consideration, the most pressing demand in OA vs. bioerosion research is to understand the interactions between different factors and bioeroders, to conduct OA experiments on dominant grazers, and to assess organism groups of which we have very little biological knowledge.
Unresolved issues
At this stage, opportunities for generalization and prognoses at community level remain very limited for OA effects on bioerosion, because quantitative cause-response results under controlled conditions were mostly restricted to microborers and sponges and short-term exposures, and some field observations appeared to be compromized (Supplementary data S5-7 and S10). Slightly contradictive results thus cannot be integrated, e.g. threshold relationships between bioerosion rates and applied stimuli cannot usually adequately be explained and may rely on species-specific traits. A better understanding and also a targeted design of research may occasionally require quite detailed knowledge on respective biota and specific experience and expertise. Interactions between multiple environmental factors and biota are expected to play a significant role, but to date we have very incomplete insights, i.e. that OA-enhanced internal bioerosion and even passive substrate "softening" is expected to accelerate effects of grazing (Figures 6 and 7b) , and that OA and eutrophication will likely synergistically enhance net bioerosion (Table 3) . OA and eutrophication are environmental factors that can be expected to generate the most consistent responses. Most bioeroders, and certainly the dominant taxa, not only employ chemical bioerosion, but are either able to take up dissolved nutrients, are filter feeders or benefit from enhanced benthic algal growth and substrate "softening" (Table 3 ). Other environmental parameters will generate far more heterogeneous responses (Table 3) , and presently available data are highly insufficient to allow any prognoses. Moreover, bioerosion can be mediated or controlled by a multitude of direct and indirect biological interactions such as grazer exclusion via algal farming by damselfish (Sammarco and Carleton, 1981; Risk and Sammarco, 1982; Sammarco and Williams, 1982; Sammarco et al., 1986 Sammarco et al., , 1987 Glynn, 1988) , urchin-or parrotfish-driven cropping of canopy algae that shade phototrophic euendoliths (Cebrian and Uriz, 2006; Cebrian, 2010; Gonz alez-Rivero et al., 2011 , removal of key grazers shifting roles of bioeroders (e.g. Liddell and Ohlhorst, 1986; Hughes et al., 1987) , and other such biological relationships. While we have a preliminary understanding on factor interactions (Table 3) , our knowledge on biological interactions is very small. Due to all these "unknowns" field approaches will likely remain the biggest challenge that can hopefully be overcome by collaborative science and information transfer as offered e.g. by OA-ICC (EPOCA, 2016).
Conclusions
OA research on bioerosion is still in its infancy. Experiments on microborers started into this important research area 10 years ago (Tribollet et al., 2006b) , followed by several experiments on bioeroding sponges (Supplementary data S6), community-level experiments (Supplementary data S7), and some field studies (e.g. Silbiger et al., 2014; Barkley et al., 2015; DeCarlo et al., 2015; Enochs et al., 2016a and 2016b) . Nevertheless, available data remain insufficient for reliable general prognoses. In answer to the questions posed at the beginning of this publication we assume the following: (i) While bioeroder taxa have different biologies and respond differently to a complex and variable environment, experimental evidence from microborers and sponges suggests that in the near future chemical bioerosion is likely to rise with OA. Most of the available studies found proportional, linear relationships for early or acute responses to pCO 2 manipulation. However, as bioerosion is a physiologically controlled process, thresholds apply. Extreme doses or exposure times will have adverse effects on bioeroders, implying a parabolic relationship between bioerosion and OA that involves an initial linear response, a maximum and decay. However, no common patterns or thresholds have yet been established.
(ii-iii) Among different bioeroder taxa, we expect that OA affects most borers directly and most grazers indirectly. This relates to the different biologies and pathways of bioerosion. Most borers employ chemical etching, which is facilitated by OA, and many of them are photoautotroph and will likely benefit from CO 2 -enhanced photosynthesis and energy capture. In contrast, e.g. rasping and abrasion by grazers remains largely independent of OA. However, mechanical bioerosion can proceed faster if the substrate is weakened by OA-assisted chemical bioerosion or passive dissolution. In species with combined chemical and mechanical bioerosion respective partial bioerosion rates do not behave the same under OA simulation, and they cannot be inferred from each other without knowing total bioerosion.
(i) Chemical bioerosion due to micro-and macroborers is thus expected to rise with OA, which weakens the substrate to facilitate bioerosion by grazing. Grazing removes borer tissue and often stimulates borer growth in a feedback relationship (bioerosion loop). Quantitative data in this context are largely restricted to microborer-grazer relationships. Other biological and environmental factor interactions complicate the interplay and are insufficiently well studied for adequate pattern recognition. However, nutrients are expected to aggravate OA-effects, while moderate pCO 2 application may reduce temperature stress and enhance energy capture and performance in photosymbiotic bioeroders. Mortality events that reduce live cover of CaCO 3 substrates can increase bioeroder densities and will thus likely act in synergy with OA.
(ii) Presently available experimental studies on few micro-and macroborers suggest mid-term increases of bioerosion rates, but are not representative. To date findings rely on only few selected species or bioeroder guilds, mostly ignoring important groups such as molluscs, urchins and fish. Limitations to the experimental design for aquarium work usually employed very short exposures, often without adaptation periods, numbers of treatment factors or levels per factor remained low, and physiological thresholds were rarely reached. At times this created unrealistic, artificial conditions.
(iii) Field validation of experimental work appears to be even less representative due to the great difficulties to separate co-varying factors, to include and evaluate all relevant bioeroders present, or to isolate the responses by the bioeroder species in question by using adequate controls.
(iv) Based on the paucity of quantitative data on causerelationship responses, bioerosion is presently not widely represented in reef health modelling, but available publications suggest that healthy environments are supported by complicated interaction networks relying on diverse communities.
Especially with view to the imbalance between OA-research on calcification in comparison to that on bioerosion, future high quality research is warranted for bioerosion. It should direct a large part of the attention to interaction effects of environmental factors and relationships between different bioeroders, between calcifiers and bioeroders, and with other biota that exert ecological pressure. Especially, the group of grazers and their synergy with microborers should be more intensively investigated under manipulated pCO 2 . Approaches for field studies require reassessment and renewed efforts to represent ecologically diverse environments, as this will ultimately validate controlled laboratory experiments. Overall, pending further investigations, generalization should mostly be avoided at this point in time. However, by understanding prevailing pathways of interaction, tentative predictions, and recommendations can be made. We assume that mid-term most euendoliths will directly and positively respond to OA, as well as to eutrophication, and they will facilitate bioerosion by grazers. While OA cannot presently be slowed down fast enough to restrict chemical bioerosion, water quality can be controlled more efficiently, potentially reducing the bioerosion rates of euendoliths as the first link in this relationship.
